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INTRODUCTION
Nanowire p-n junction diodes are expected to play a major role in future nanoelectronics, as diodes form one of the fundamental active components in solid state devices. Nanowire (NW) p-n junctions have been realized using various fabrication methods, including ion implantation on pre-grown nanowires, 1 contact doping of intrinsic wires by two precursor bearing wafers, 2 and in-situ doping, which can produce either axial or radial junctions. [3] [4] [5] Over the last few years, nanowire growth techniques have improved significantly, mainly due to a better understanding of the chemical processes occurring at the liquid catalyst [6] [7] [8] and the surface chemistry governing the incorporation of dopant species through side-wall deposition. 9, 10 However, while the synthesis methods continue to improve rapidly, correlation between the chemical composition and the electronic characteristics is less common and remains challenging due to sensitivity of properties to minute concentrations of dopants and impurities, and the possibility of dopant deactivation and compensation. 11, 12 While analytical methods exist to measure both active and inactive dopants, device output characteristics do not directly reveal the active doping fraction.
The performance of some recently reported homojunction devices has been correlated with the underlying dopant distribution. For example, Vallett et al. demonstrated, using scanning capacitance microscopy (SCM), the analysis of a nanowire-based tunnel fieldeffect transistor (TFET) that exhibits an abrupt junction. 13 While the SCM method can be extremely sensitive to the location of the electric junction, it can significantly underestimate the width of depletion regions. 14 Nevertheless, obtaining a high-quality functional diode, i.e. a diode with low leakage (reverse) currents and low resistance, requires a well-defined and abrupt junction to form between its segments. [15] [16] [17] [18] [19] [20] Therefore, a quantitative analysis of the active doping levels in the different segments of the device, decoupled from the chemical composition, is still required to understand electrostatic junction formation at nanostructured devices. 21 One of the major challenges encountered with in-situ dopant modulated growths is the formation of diffused boundaries between different segments. This phenomenon is a direct result of the "catalyst reservoir effect", 6, 7, 10 where dopant atoms remain dissolved in the liquid catalyst for relatively long time after their gaseous source flow into the reaction chamber has been terminated. The dissolved atoms are then continuously incorporated into the solid, forming a slow decay profile along the growth axis, thus forming a gradual junction that results in high reverse bias saturation currents and low on/off ratios. Recently, groups have made improvements in junction abruptness through adjustments in growth conditions by reducing the solubility of dopant species in the catalyst 8, 22 or even slowing down the growth rate to allow dopant evaporation from the catalyst during growth. 7 However, it is in general difficult to achieve growth conditions that are optimal for both dopant species in a homojunction. Furthermore, surface doping from the background gases in the reactor is a common outcome, leading to the formation of a surface region that is enriched in dopant. Such surface doping can be suppressed by the introduction of reactive, corrosive species such as HCl 23 at the cost of increasing the complexity of recipes and the need for maintenance. Even with the advances noted above in improving junction abruptness and radial doping uniformity, doping profiles are never perfectly abrupt nor perfectly uniform, so it remains necessary to understand the impact of nanoscale doping profiles on nanowire device properties.
Here we present a detailed analysis of in-situ doped, SiNW-based p-n diodes, where the doping source was modulated during growth to produce both p-i-n and p-n junctions.
Surprisingly, despite the influence of both the reservoir effect and surface doping from the vapor phase, Kelvin probe force microscopy (KPFM) measurements of the surface potential reveal that the electrostatic junction width is less than the KPFM resolution (~30 nm). The electrostatic consequences of complex doping profiles are revealed by using the intrinsic segment in the p-i-n NW as a buffer zone to partially deplete the catalyst reservoir of one dopant species before the introduction of the next species into the system. Hence, the doping of the two segments should in principle be decoupled. Despite the presence of a highly doped shell that screens the electrostatic characteristics of the underlying junction, the NWs exhibit a typical diode behavior, with small leakage currents. The combined I-V and KPFM measurements prove that the despite of the strong influence of the catalyst reservoir effect, the resulting junction is, electrostatically, more abrupt than expected due to compensation effects. The catalyst reservoir effect on the electronic performance of a junction becomes significant in the p-i-n structure, where the nominally intrinsic segment is found to be rather highly doped with boron. By solving the Poisson equation for the device, we establish the VS shell thickness and doping density, as well as the doping densities in the NW core and their radial profile. We show that an informed design of the doping modulation in a NW junction can produce a high-quality diode, despite the seemingly unintended contribution from the VS mechanism and the catalyst reservoir.
EXPERIMENTAL SECTION
The fabrication process used to produce the nanowires for the experiments reported here followed the same technique and procedure which was previously described. 10, [24] [25] [26] In brief, the SiNWs were grown in a hot-wall low-pressure chemical vapor deposition (LPCVD) using 80 nm Au nanoparticles (AuNPs) as catalysts, high-purity silane (SiH4) as the precursor gas for the silicon, and phosphine (PH3, 200 ppm diluted in He) and diborane (B2H6, 100 pp, diluted in He) as the P and B dopant precursors, respectively. Hydrogen (H2) was used as the carrier gas with 20 SCCM for p-type and intrinsic segments, and with 200 SCCM for n-type segment. Silane flow rate was 4 SCCM for p-type and intrinsic segments, and 2 SCCM for n-type segment. For n-and p-type segments, Si:P ratio of 1000:1
(phosphine flow rate of 10 SCCM) and Si:B of 3000:1 (diborane flow rate of 6.67 SCCM)
were used, respectively. The p-type and intrinsic segments were grown at 460 °C and the n-type segment were at 420 °C. 7, 27 The temperature started to decrease with the initiation of phosphine flow, and it decreased and stabilized at 420 °C within ~3 minutes. The pressure was kept at 40 Torr for the entire growth. The growth conditions were chosen to enable a taper-free growth for a relatively long period. right. Of the two doping species, it is well known that diborane produces thicker vaporsolid (VS) grown shells around the NW, and is more challenging to control. 28 In order to reduce the screening effect of a thick, highly doped shell over the entire NW, the B doped Fig. 1 (a) ), by shutting down the B2H6 flow into the reaction chamber. This step was omitted in the p-n NW. It is, however, important to note in light of the results reported in Ref. [10] , that while the intrinsic part was growing, B atoms were still dissolved, in high concentration, in the liquid catalyst, thanks to the reservoir effect, and were still being incorporated into the grown segment. Indeed, our results will show that the intrinsic region presents a medium-to highly-doped behavior.
Finally, a P doped (n-type) segment was grown at the top of the wire (right panels of Figs.
(a) and (b)
). It is reasonable to assume that while the n-type part is growing, both P and B atoms are dissolved simultaneously in the catalyst. However, while the P atoms are supplied to the catalyst from a constant source by maintaining a constant vapor pressure in the reaction chamber, the B atoms are slowly depleting from the catalyst. Therefore, the last segment is initially a compensated n-type doped NW. As the final n-type segment is growing, a thin but highly P-doped shell forms on top of the two previously grown segments, resulting in the complex core-multishell structure described in the right panel of To incorporate the NWs into single NW devices, a NW dispersion in isopropanol was prepared using an ultrasonic bath and then dropcast onto a wafer pre-patterned with electrodes and alignment marks. Next, each individual NW was connected to a unique set of electrodes by electron beam lithography, and 120 nm of Ni was deposited as the electrode metal. Prior to the metal deposition, the wafers were treated with an oxygenplasma asher to remove the electron resist residues and with buffered oxide etch to remove the native oxide to allow good electric contact. The single nanowire devices were used for both transfer and KPFM measurements. The wafer on which the NWs were deposited formed the backgate terminal and was grounded throughout the measurements. The KPFM measurements were conducted using a Dimension Edge AFM system (Bruker AXS) and a Pt-Ir-coated highly doped silicon tip (PPP-EFM, Nanosensors) operating in the "dual frequency mode", where the topography is scanned at the first mechanical resonance frequency (f o ) of the cantilever, and the contact potential difference is measured simultaneously by electrically exciting the tip at the first overtone of its resonance frequency (≈ 6.2 · f o ). Fig 2 (a) shows the transfer characteristics of a single p-i-n NW device. The reverse current is actually smaller than what is shown in Fig 2 (a) due to the amplifier settings used. The reverse (saturation) current is constant, with indication of a small positive current offset in the amplifier. The constant leakage current shows that there are no shunt or leakage currents across the nanowire. We note that the measured current-voltage characteristics result from doping gradients in three dimensions and cannot therefore be satisfactorily described using the simplified Shockley equation. For example, one cannot rely on the slope-over point to determine the built-in potential, as the contact resistance and the screening effect of the shell render the conventional models inadequate. Nevertheless, the presence of a built-in potential difference, which is evident from the rectifying behavior of the devices, allows us to discuss the device using the conventional diode terminology. In forward bias, the device behavior qualitatively resembles that of a diode connected in series with a constant resistor, but a closer examination of the curve shows that the current slope is changing continuously over the voltage range for which the diode dominates, indicating that the bias drops over at least two junctions in the device. The two regimes of different resistance are marked by the dashed red lines in Fig. 2 (a) : the first represents the bias range over which one of the diodes still contributes significantly to the total resistance, and the second represents the regime in which the device series resistance (∼2 MΩ) is the dominant resistance. These observations are corroborated by the results of the KPFM measurements described below.
RESULTS AND DISCUSSION
The transfer characteristics of the p-n junction NW are shown in Fig. 2 (b) . The constant slope in forward bias (positive bias values) show that the NW consists of a single junction, with a higher resistance (∼4 MΩ) than the resistance measured for the p-i-n diodes.
Numerical simulations show that band-to-band tunneling currents in this nanowire are negligible, as described in the Supporting Information and discussed further below. By establishing the diode polarity through the I-V measurements, we were able measure the surface potential of the diode under reverse bias with KPFM. The KPFM uses a highly conductive AFM tip as a Kelvin probe to measure the contact potential difference (CPD), which is defined as CPD ≡ −(Φt −Φs)/q, where Φt and Φs are the tip and sample work functions, respectively, and q is the elementary charge. 29 Fig . 3 shows the topography (a), CPD of a grounded device (b), and CPD under reverse bias (c) for a single p-i-n device.
For both KPFM images, only the relevant part of the wire around the junction is shown.
The NW topography (Fig 3 (a) ) changes along its axis. On one end of the junction (right hand side of the image), the NW appears to be slightly rougher than on the other side. The rough side, which will later be identified as the boron doped region, was observed in all the measured wires. These results are in agreement with previous studies that attributed polycrystalline shell growth to the presence of B2H6. 28 However, these defects seem to bear little to no importance for the NW potential profiles.
The CPD image of the grounded device ( Fig. 3 (b) ) shows relatively constant surface potential across the NW, which is an indication of constant surface doping. The surface is in fact uniformly doped as a result of the unintentional VS growth mechanism, which forms a thin, highly P-doped shell over the entire NW during the third growth step. It is important to note here that the constant surface potential over the wire means that the P-doped shell screens the underlying doping modulation completely, an effect which can be attributed to the VS shell's thickness and/or its high doping level.
Under reverse bias, the device shows an abrupt change in surface potential along the wire where the junction forms (Fig. 3 (c) ). Apparently, the application of a reverse bias depletes the VS shell so that it no longer screens the underlying junction, and we observe that the higher work function is associated with the p-type (right hand) side, whereas the low work function on the opposite side is associated with the n-type side. At reverse bias, the VS shell becomes depleted quickly, reaching an electron density of 10 10 cm -3 that prevents it from acting as a shunt pathway, accounting for the low leakage currents shown in Fig. 2 .
Surprisingly, there is no gradual change in surface potential that we expect to see in the intrinsic region, which should be depleted of mobile carriers. Instead, there is an abrupt change in potential at the onset of the n-type region. We propose that the nominally intrinsic segment is, in fact, a lightly doped p-type segment due in part to doping from the catalyst reservoir, and that the majority of the potential applied to the system drops across an electrostatically abrupt p --n junction at the terminus of the nominally intrinsic region, as is also evident from the position of the junction.
Fig. 3 (d) shows the CPD profiles of a p-i-n NW measured along the NW axis between
both electrodes, at different reverse biases. Here we can directly observe the two junctions that were implied from the I-V curve. The first junction, which is marked by a red dashed rectangle, is the p --n junction, and the second junction (marked by a blue dashed rectangle)
is a Schottky junction formed at the metal-nanowire interface. There are three major points evident from Fig. 3 (d) . First, it is clear that there is, indeed, a constant surface potential (black curve) at zero bias, which implies that the VS shell is of sufficient thickness and phosphorus concentration to completely screen the underlying built-in potential. Second, the depletion region width, indicated by the band bending around the p --n junction, is less than a micron wide. Third, a Schottky junction forms at the p-type terminus of the wire, as a result of the rather complex core-multishell-metal (p
The CPD profiles of the p-n NW, measured between the two electrodes, are shown in Fig. 3 (e). In general, the CPD profiles are very similar to the profiles of the p-i-n NWs.
However, there are a few minor differences between the two devices. The measurements in Fig. 3 (e) show a significantly lower Schottky barrier at the metal-p-type region. This is also indicated by the potential drop over the p region that is a direct result of the lower contact resistance. More importantly, the CPD measurement shows that when both electrodes are kept grounded (black curve), there is a pronounced built-in voltage of 0.2 V between the two parts of the wire, We note that for a junction formed between two highly doped regions, the built-in voltage across the junction is expected to have a magnitude comparable to the material's band-gap. We therefore conclude that the junction built-in voltage is partially screened by the VS shell, and that the measured built-in voltage is only an unscreened fraction.
The study of a p-i-n structure has shown that the intermediate intrinsic segment does not act as a buffer region, but rather as a direct continuation of the p-doped segment, and that both the nominally p-i-n and p-n junction NWs are, in fact, p-n structures, covered by a highly P-doped VS shell. However, while in the former structure, the diode's built-in voltage is completely screened, it is only partially screened in the latter. A better understanding of the doped VS shell is needed to explain the difference in these results.
Towards this end, we simulated a simplified p-n structure, shown schematically in Fig. 4 (a), that consists of two similar silicon segments, one doped with phosphorus and the other with boron, and a phosphorus doped shell on top of them. In the electrostatic model, the silicon core has a radius of 40 nm corresponding to the radius of the VLS grown part of the NW, and each part along the axis is 2 µm, ensuring that the depletion region is contained within the simulated structure and does not reach the simulation boundary (i.e. the semiconductor is kept neutral at its edges). The radial doping profile determines the depth of the junction, and therefore directly affects the potential needed to deplete the NW. , (red curve, Fig. 4 (b) ) Vbi is completely screened at a thickness of 5 nm. Both curves shown in Fig. 4 (b) assume a maximum core doping of N(R) = 2×10 19 cm -3 . For lower core doping levels (lower N(R)), the actual built-in voltage is lower, and the observed Vbi on the surface vanishes more quickly with the increase of tVS. We therefore conclude that the doping contrast in the grounded p-i-n NW vanishes completely under the VS shell, whereas the higher contrast in doping levels in the p-n NW results in a residual Vbi that is still observable at the surface by KPFM. show that the depletion width can be as small as 50 nm at the maximal reverse bias of 2V, on the surface. These small changes of surface depletion length with increasing reverse bias are below the resolution of the KPFM measurement. The simulation shows that the depletion widths increase to up to 110 nm at 10 V, both on the NW's surface and at its core. Fig. 4 (d) shows the electrostatic profile of the NW at reverse bias along the surface (solid lines) and the core, i.e. at r=0 (dot-dash lines). It is clear that while the potential drop across the junction is larger in the core than on the surface, the depletion width is approximately the same. This relatively large depletion region gives rise to the leakage currents observed in Fig. 2 (b) . Further discussion about the origin of the leakage currents can be found in the Supporting Information. We therefore conclude that the electrostatic junction length is an order of magnitude shorter than the expected doping decay lengths caused by the catalyst reservoir effect. However, the junction is not sufficiently abrupt to induce band-to-band tunneling currents. As a caveat, the simulation does not include the entire circuit, so while the relative magnitudes of leakage and band to band tunneling currents can be compared, their sum is not expected to agree quantitatively with the experimental data. Furthermore, the same approach was not feasible for the p-i-n NW due to the absence of a measureable Vbi .
CONCLUSIONS
We have measured and analyzed the electrostatic properties of VLS in-situ doped NW diodes. The two different NW junction profiles give new insights into the effects of simultaneous doping from the liquid catalyst and from the surface. We have shown that the surface potential measured by KPFM is extremely sensitive to the thickness of the VS grown shell and its doping density, and that the junction built-in voltage can become completely screened by the shell. For p-n junctions it was shown that an abrupt electric junction on the surface, with low leakage currents can be achieved, despite the diffuse boundaries induced by the catalyst, thanks to the high doping levels. At these high doping levels, the unintentional doping species is quickly compensated by the intentional dopant, thus producing a very narrow transition region between both segments of the diode, in the electrostatic sense. The junction formed in this manner, as seen both in the simulation and the experiment, results in a high quality diode, with leakage currents as low as few nA, and a high current ratio between the on state (taken at +10 V) and the off state (at -1 V) of over five orders of magnitude. We note, however, that this approach requires highly doped junctions, since only high intentional doping levels can compensate for the unintentional incorporation of dopants from the catalyst reservoir in a rate that will still yield abrupt junctions. These results, along with the suggested model, pave the way for a more informed design of nanostructured devices and components in future electronic applications.
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